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Abstract Magneto-resistive and magneto-caloric proper-
ties of polycrystalline La0.7(Ca0.2Sr0.1)MnO3 (LCSMO)
and La0.7(Ca0.2Sr0.1)MnO3:10 %PdO (LCSMO:Pd10) com-
posites sintered at 1400 ◦C have been investigated. Rietveld
refinement of their X-ray diffraction (XRD) patterns con-
firms the single-phase crystalline structure with orthorhom-
bic Pbnm space group, showing no significant change in
their lattice parameters with Pd addition. Disappearance of
the low temperature resistivity hump in the Pd composite
has been attributed to the suppression of the grain bound-
ary effect and the conducting channels due to the presence
of metallic Pd. While the Curie temperature Tc remained
nearly unchanged, the peak value of the temperature co-
efficient of resistance (TCR) increased in the composite.
TCRMAX increased to 6.4 % (at 308 K) in the composite
from 2 % (at 305 K) for the pristine LCSMO. Magneto-
resistance (MR) and magnetic entropy change (SM ) also
increased markedly in the composite material. This could be
ascribed to the observed sharpness of both the magnetic and
resistive transitions resulting from better grain connectivity.
Maximum MR of 12.9 % (1 T) and 19.6 % (2 T) has been
observed close to its Tc (309 K) in the pristine LCSMO.
These values increased to 24.1 % (1 T) and 33.9 % (2 T)
with the addition of PdO. The maximum values of |SM |
are found to be 4.4, 8.2 and 11.7 J kg−1 K−1 at field values
of 1, 2 and 3 T, respectively, for LCSMO:Pd10 composite,
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which are far better than those reported for LCSMO:Ag10
composite.
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1 Introduction
Colossal magneto-resistive (CMR) manganites have been
considered to be promising candidates for wide range of
applications like magnetic sensors, bolometric devices and
magnetic refrigeration [1–7]. The interesting physical prop-
erties of the manganites are known to originate from a com-
plex interplay among structural, electrical, and magnetic de-
grees of freedom. Observation of the CMR at low tempera-
tures and under high magnetic fields (∼7 T) has restricted
their practical usage so far. Efforts are being carried out to
obtain sizable MR values at low fields (LFMR) and near
room temperature [8, 9]. Several manganite materials like
LCBMO, LCSMO, PBMO and their composites with Ag2O
and PdO have been investigated to explore their potential for
magnetic sensing applications [8–13]. Besides, manganites
have also shown good potential as active magnetic refriger-
ant (AMR) near room temperature [10, 14–17].
Advantages of magnetic refrigeration include simple de-
sign, environmentally friendly components, and low operat-
ing costs [18]. When such materials are subjected to a vary-
ing magnetic field, there is an adiabatic change in the sample
temperature or an isothermal change in the magnetic entropy
exhibiting the magneto-caloric effect (MCE). There are two
key requirements for a material to possess good MCE. One
is the large spontaneous magnetization and the other is the
sharp drop in magnetization at Curie temperature. Magnetic
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Fig. 1 (a) Rietveld refined XRD
pattern of LCSMO and
LCSMO:Pd10 samples.
(b) Expanded view of (022)
XRD peak of LCSMO:Pd10
sample
(a) (b)
refrigeration serves to be the best alternate to the conven-
tional gas compression technique [19]. In magneto-caloric
effect (MCE) the cooling is achieved by demagnetizing the
magnetized material and the cooling efficiency largely de-
pends upon the magnetization value to the applied field.
The magnetic entropy change (SM ) is used to measure
MCE and it is required to be large over working tempera-
ture range. Gd and its alloys/compounds show high value of
|SM | but are quite expensive [18, 20, 21]. The other inter-
metallic alloys/compounds exhibit high |SM | value but at
high applied magnetic field, which restricts their practical
applicability [22–25]. One problem is the required tempera-
ture range of operation. For household applications we need
high value of |SM | near room temperature. Therefore we
tried to overcome the said difficulties by using manganites
as magnetocaloric material. Although comparable magne-
tocaloric effect has also been observed in charge ordered
manganites, however, their lower charge ordering transition
temperature and the high magnetic field requirement for the
destruction of the antiferromagnetic (AFM) phase and the
following large MCE restrict their usage at or close to room
temperature. Therefore, manganite with magnetic transition
close to room temperature is desired with good magneto-
caloric and magneto-resistive properties at lower magnetic
field application. In manganites, insulator to metal transition
(Tp) coexists with ferromagnetic to paramagnetic transition.
The change in magnetic entropy increases with the sharp-
ness of the magnetic transition and magnetization value.
The sharpness of the transition can be increased by mak-
ing grain boundaries conducting, which was initially non-
magnetic and insulating [12]. Thus we can expect to ob-
tain enhanced properties in the composite material. Various
manganite composites have been investigated for their ef-
ficacy towards magnetic sensing and refrigeration applica-
tions [8–17]. More recently, La0.7(Ca0.2Sr0.1)MnO3 : Ag2O
composite has been reported for its enhanced MR and MCE
properties vis-à-vis the pristine material [10]. In the present
communication we have explored La0.7(Ca0.2Sr0.1)MnO3 :
Pd composite for its magnetic properties near room tempera-
ture and the results are compared with those on LCSMO:Ag
composite.
2 Experimental
Polycrystalline La0.7(Ca0.2Sr0.1)MnO3 (LCSMO) and
La0.7(Ca0.2Sr0.1)MnO3 composite with 10 % PdO (LC-
SMO:Pd10) samples have been synthesized in air by the
standard solid-state reaction route with starting stoichio-
metric mixture of La2O3, CaCO3, SrCO3 and MnO2 (all
with 5 N purity). These ingredients were ground thoroughly,
calcined at several steps of 900 ◦C for 18 h, 1100 ◦C for
18 h, 1300 ◦C for 18 h, respectively, and finally sintered at
1400 ◦C. Thus prepared sample was powdered and PdO was
added and pelletized. Both the pristine and PdO composite
samples were finally sintered at 1400 ◦C for 30 h in furnace,
cooling to room temperature. Phase purity and the lattice pa-
rameter refining of the samples were checked through X-ray
powder diffractometer using CuKα radiation (Rigaku) and
the Rietveld refinement program (Fullprof version). Scan-
ning electron microscope (Ziess EVO MA-10) with attached
energy dispersive spectroscopy (EDS) was used for the sur-
face morphology of the various samples. Resistivity and
magnetization measurements of the samples were carried
out in magnetic field up to 3 T using a Physical Properties
Measurement System (PPMS-14T, Quantum Design).
3 Results and Discussion
Synthesized samples of the pristine La0.7(Ca0.2Sr0.1)MnO3
and La0.7(Ca0.2Sr0.1)MnO3 : PdO composites have been an-
alyzed for the phase formation by Rietveld refinement of
their X-ray diffractograms. Figure 1(a) depicts the Rietveld
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Fig. 2 (a) Scanning electron micrographs of LCSMO and LCSMO:Pd10 samples. (b) EDS patterns of LCSMO, LCSMO:Pd10 and Pd grain of
LCSMO:Pd10 sample
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refined XRD patterns of LCSMO and LCSMO:Pd10 sam-
ples, confirming the presence of all the identified character-
istic peaks and fitted in the orthorhombic Pbnm space group.
The most intense peak of PdO at 33.87◦ (JCPDS 41-1107)
has been found absent in the XRD pattern of LCSMO:Pd10
sample due to the dissociation of PdO into metallic Pd. Ri-
etveld refinement revealed practically no significant change
in the lattice parameters and lattice volume with PdO addi-
tion (Table 1). However, Fig. 1(b) showing the XRD peak
of Pd at 40.11◦ (JCPDS 46-1043) in LCSMO:Pd10 sam-
ple seems to merge with LCSMO main peak and the XRD
pattern slightly shifts towards the higher angle, resulting in
insignificant change in the lattice parameters of the compos-
ites (Table 1). Pd is not occupying any of the lattice sites
because of its ionic size and coordination number (CN) in-
compatibility with those of Ca+2 and Sr+2. Coordination
number (CN) of Ca+2 and Sr+2 in LCSMO is 9 whereas the
available CN of Pd+2 is 4 and 6.
Scanning electron micrographs (SEM) of pristine
LCSMO and LCSMO:Pd10 composite samples are shown
in Fig. 2(a). It is clear from the micrographs that no sec-
ondary phases have formed and that at such high sinter-
ing temperature the polycrystalline nature comprised of
grain and grain boundaries almost disappears. These sam-
ples were not in a melted state and the observed behavior
could be attributed to the coalescence of smaller grains and
forming bigger size grains. Further, due to the higher sinter-
ing temperature of 1400 ◦C used in synthesis of the materi-
als, PdO gets converted into metallic Pd (PdO dissociation
temperature being ∼750 ◦C) [8, 9, 12, 13]. Elemental anal-
ysis performed using EDS attachment to SEM confirms the
presence of Pd in the LCSMO:Pd10 composite (Table 2).
Slight change observed in the oxygen stoichiometry of the
composite material seemingly appears due to the oxygen re-
Table 1 Rietveld refined lattice parameters and volume of
La0.7(Ca0.2Sr0.1)MnO3 : Pd
Sample a (Å) b (Å) c (Å) Vol. (Å3)
LCSMO 5.461 (3) 5.493 (1) 7.713 (8) 231.417
LCSMO:Pd10 5.458 (9) 5.491 (8) 7.711 (8) 231.195
Fig. 3 Temperature-dependent resistivity for LCSMO and LCSMO:
Pd10 samples. The inset shows the corresponding TCR of the samples
leased from the dissociation of PdO during the sintering pro-
cess. EDS analysis of the shining region in LCSMO:Pd10
clearly shows the presence of Pd in the composite material
(Fig. 2(b)). In LCSMO:Pd10 micrograph, the grain bound-
aries appear shining due to coating of the metallic Pd, which
manifests the overall resistivity decrease of the composite
(Fig. 3).
Temperature dependence of resistivity ρ(T ) of the sam-
ples is shown in Fig. 3 with their corresponding TCR in
the inset. The hump around 230 K in the pristine LCSMO
sample represents the conduction through grain bound-
aries which offer some resistive path to the carriers at
lower temperatures. Incorporation of Pd makes grain bound-
aries conducting and therefore the overall resistivity of the
LCSMO:Pd10 sample decreases [8, 9, 12, 13]. The hump
disappears (due to this lower resistance) due to metallic Pd
within grain boundaries and tunneling of the carriers across
them. This grain boundary effect also increases the sharp-
ness of the insulator–metal transition and in consequence
the maximum temperature coefficient of resistance TCRMAX
also increases from 2 % (at 305 K) to 6.4 % (at 308 K) for
LCSMO and LCSMO:Pd10, respectively.
The field-dependent magneto-resistance (MR) of both the
samples LCSMO and LCSMO:Pd10 is shown in Fig. 4. MR
has been calculated using the formula MR (%) = [R0 −
RH/R0] × 100, where RH and R0 are the resistances with
Table 2 Elemental analysis
using EDS for
La0.7(Ca0.2Sr0.1)MnO3:Pd
system
Element La0.7(Ca0.2Sr0.1)MnO3
(Atomic %)
La0.7(Ca0.2Sr0.1)MnO3:Pd10
(Atomic %)
O 59.26 64.7
Ca 4.01 3.52
Mn 21.48 18.2
Sr 1.87 1.85
La 13.39 10.94
Pd 0.00 0.78
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Fig. 4 Field-dependent MR at 300, 310 and 320 K for LCSMO and
LCSMO:Pd10 samples
and without the applied magnetic field. Figure 4 depicts the
MR values of the samples in the paramagnetic (320 K) and
ferromagnetic (300 K) states, respectively. The maximum
MR of 12.9 % (1 T) and 19.6 % (2 T) has been observed in
the pristine LCSMO close to its Tc (310 K). These values
get enhanced to 24.1 % (1 T) and 33.9 % (2 T) with PdO ad-
dition. The observed augmentation in MR can be ascribed to
the conducting channels due to the metallic grain boundaries
in the PdO composite. The applied magnetic field aligns the
spins and thus surges the hopping of electron from Mn+3 to
Mn+4 in the double exchange phenomena and consequently
resistivity decreases and higher MR gets generated.
The impact of PdO addition can also be noticed in the
magnetization curve (Fig. 5) where temperature-dependent
magnetization [M(T )] and the sharpness of the Curie point
are depicted in the inset for both LCSMO and LCSMO:Pd10
samples at a field value of 500 Oe. It can be seen that both
the samples are excellent ferromagnets. With the addition
of PdO, magnetization value (emu/g) increases which in-
creases the sharpness of the transition. Curie temperature
(Tc), however, remains unchanged at ∼309 K, which has
been ascribed to the unchanged stoichiometry of the LC-
SMO:Pd10 composite as confirmed by the X-ray Rietveld
analysis.
The |SM | values at different temperatures have been
calculated using the isothermal magnetization taken in the
temperature range of 298 to 316 K at the regular interval of
2 K around Tc as depicted in Fig. 6(a). The corresponding
Arrott plots are shown in Fig. 6(b). The positive slopes for
all the isotherms in Arrott plots show second-order magnetic
transition. The temperature dependence of the magnetic en-
tropy change is shown in Fig. 7. The maximum values of
|SM | are found to be 4.0, 7.4 and 10.2 J kg−1 K−1 for LC-
Fig. 5 Temperature-dependent DC magnetization for LCSMO and
LCSMO:Pd10 samples. The inset shows the corresponding −dM/dT
SMO, and 4.4, 8.2 and 11.7 J kg−1 K−1 for LCSMO:Pd10 at
field values of 1, 2 and 3 T, respectively.
The magnetic entropy change |SM | values of both the
samples in the present study have been compared with
those reported earlier on LCSMO:Ag10 composite [10].
The |SM | values reported for LCSMO:Ag10 composite
[10] were found to be 2.2, 3.8, 5.2 and 7.6 J kg−1 K−1
at 1, 2, 3 and 5 T field values, respectively. The mag-
netic entropy values |SM | achieved for small magnetic
field change (0–3 T) in the present samples (LCSMO and
LCSMO:Pd10) are significantly higher than those reported
in LCSMO, LCSMO single crystal and LCSMO:Ag10 com-
posite [5, 10, 15]. These low field entropy values are also
much higher when compared to manganites reported in the
literature [5, 14, 16]. LCSMO:Pd composite material pos-
sessing a sizable MR and high |SM | values therefore shows
a promise of potential magnetic sensor and magnetic refrig-
erant close to room temperature.
4 Conclusions
Magneto-resistive and magneto-caloric properties of poly-
crystalline La0.7(Ca0.2Sr0.1)MnO3 and La0.7(Ca0.2Sr0.1)
MnO3:10 %PdO composites have been studied. Rietveld re-
finement of X-ray diffraction (XRD) patterns confirms their
single-phase crystalline structure with orthorhombic Pbnm
space group. Both the insulator–metal transition (T IM) and
Curie temperature (Tc) are observed close to room temper-
ature. While Tc remained nearly unchanged, the peak value
of the temperature coefficient of resistance (TCRMAX) in-
creased from 2 to 6.4 % in the composites. Considerable im-
provement in both the magnetic (MR) and magneto-caloric
(MCE) properties of the pristine La0.7(Ca0.2Sr0.1)MnO3
(LCSMO) has been observed with PdO addition. The max-
imum MR of 12.9 % (1 T) and 19.6 % (2 T) has been ob-
served close to its Tc (309 K) in the pristine LCSMO which
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Fig. 6 (a) Isothermal magnetization M(H) for LCSMO and LCSMO:Pd10 samples and (b) corresponding Arrott plots
Fig. 7 Temperature dependence of magnetic entropy change (SM )
for the pristine LCSMO and LCSMO:Pd10 composite at H = 1,2 and
3 T fields. The inset depicts the SM data for LCSMO:Ag10 compos-
ite taken from Ref. [10] for comparison
got enhanced to 24.1 % (1 T) and 33.9 % (2 T) with the
addition of PdO.
The maximum values of magnetic entropy change |SM |
of 11.7 J kg−1 K−1 (H = 3 T), 8.2 J kg−1 K−1 (H = 2 T)
and 4.4 J kg−1 K−1 (H = 1 T) for LCSMO:Pd10 are found
to be much higher than in the LCSMO single crystal and
the corresponding LCSMO:Ag composite reported earlier
[10, 15]. LCSMO:Pd composite material possessing a siz-
able MR and high magnetic entropy value therefore shows
an excellent possibility of a potential magnetic sensor and
magnetic refrigerant close to room temperature.
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